Aims We examined the effect of downregulating PdKOR1 gene, an endo-β-1,4-glucanase gene family member previously characterized to affect cellulose biosynthesis and cell wall composition in Populus, on the secondary metabolome and microbiome of field-grown Populus deltoides. Methods We revealed differences in metabolite profiles of PdKOR1 RNAi and control roots using gas chromatography-mass spectrometry, and microbiome identification via Illumina MiSeq 16S and ITS2 rRNA sequencing in root endospheres and rhizospheres. Results PdKOR1 RNAi root metabolites differed from control plants: free amino acids (valine, isoleucine, alanine) were reduced while caffeoyl-shikimates, salicylicacid derivatives, and flavonoid metabolites increased in PdKOR1 RNAi roots. The Actinobacterial family Micromonosporaceae were more abundant in RNAi root endospheres, whereas Nitrospirae was reduced in PdKOR1 RNAi rhizospheres. Ascomycota were lower and Basidiomycota greater in PdKOR1 rhizospheres. Bacterial and fungal community composition, as measured by Bray-Curtis dissimilarity, differed between PdKOR1 RNAi and control rhizospheres and endospheres. Conclusions These results indicate that modification of plant cell walls via downregulation of PdKOR1 gene in Populus impacts carbon metabolism in roots and concomitant alterations in root-associated microbial communities. Such an understanding of functional and ecological implications of biomass chemistry improvement efforts is critical to address the goals of sustainable bioenergy crop production and management.
Introduction
Cellulose synthesis and cell wall formation are important processes which regulate plant structure and function. Differences in cell wall composition results in physiological changes, such as altered stress responses (Zhao and Dixon 2014) , water transport (Liang et al. 2010) , and growth rates (Thomas et al. 2013) . As a consequence, cell wall structure strongly regulates plant development and overall health. Optimization of plant cell wall and lignocellulosic biomass composition, via genetic modification or selection of cell wall pathway or carbon metabolism genes, are broadly-used strategies in advanced bioenergy feedstock improvement efforts (Fu et al. 2011; Kalluri et al. 2014; Li et al. 2016; Loqué et al. 2015; Petersen et al. 2012; Yang et al. 2013) . Such strategies have been demonstrated to achieve shifts in lignin composition (Baxter and Stewart Jr 2013; Furtado et al. 2014) , cellulose and hemicellulose content (Hernández-Blanco et al. 2007 ; Kalluri et al. 2016) , and greater hexose:pentose ratios within wood tissue (Loqué et al. 2015) with the specific target of improving saccharification of lignocellulosic biomass. For the long-range goal of sustainable production of bioenergy crops, research efforts must co-optimize plants for biomass amount and composition as well as sustainable field performance characteristics such as enhanced water and nutrient-use efficiency, resistance to microbial pathogens, and interactions with beneficial microbes.
KORRIGAN (KOR) is a membrane bound endo-ß-1,4-glucanase (EGase) in the glycosyl hydrolase family 9 (GH9) (Urbanowicz et al. 2007; Vain et al. 2014) shown to be associated with the cellulose synthase complex (Darley et al. 2001; Joshi and Mansfield 2007) . Previous characterization of KOR homologs in Populus deltoides has shown that RNAi-mediated downregulation of KOR (PdKOR1 and PdKOR2) impacts an array of plant properties, including reductions in cellulose, lignin and soluble sugar content, increase in cellulose crystallinity and phenolic conjugates, and reduced stem and root growth Kalluri et al. 2016 ). The altered carbon allocation and secondary metabolome of PdKOR1 RNAi plants has been previously shown to increase colonization rates of the ectomycorrhizal fungal symbiont, Laccaria bicolor under greenhouse conditions . A broader understanding of plant -microbe interactions under field conditions and potential impacts on beneficial root endophytic and rhizospheric bacteria and fungi, in the context of modifying cellulose biosynthesis and secondary metabolism, is relatively unexplored.
Microbial establishment with plant hosts can confer benefits, such as antagonistic suppression of pathogens, enhanced nutrient acquisition, enhanced growth, and/or increased stress resiliency (Mendes et al. 2013 ) and plant hosts may also select for specific groups of beneficial microorganisms. For example, it has been reported that plants growing in contaminated soils show a preferential colonization by root endophytic microbes carrying toxin degradation genes (Siciliano et al. 2001; Thijs et al. 2016) . Downregulation of a lignin biosynthesis gene and higher levels of phenolic metabolites in field-grown Populus tremula x Populus alba was also shown to alter bacterial community structure and metabolic capabilities in root endospheres via selection of the metabolically diverse Pseudomonas putida (Beckers et al. 2016) . That study (Beckers et al. 2016 ) provided a novel insight that regulation of an enzyme integral for lignin production can have direct (i.e., modified lignin content and metabolite production) as well as indirect (i.e., large changes in overall plant phenotype) implications for host selection of microbial partners of transgenic tree species. Previous work also indicated PdKOR1 RNAi plants have cascading effects on multiple phenotypic traits in Populus Maloney and Mansfield 2010) resulting in significant impacts on interactions with a fungal mutualist .
Within this context, here we studied the impact of PdKOR1 gene downregulation on the root secondary metabolome and the overall bacterial and fungal microbiomes within the rhizosphere and root endospheres in field-grown Populus deltoides. Our goals were to first examine how PdKOR1 RNAi plants differed in secondary metabolites within fieldgrown root tissue and determine if such genotypespecific differences were associated with changes to root and rhizosphere microbiomes in field-grown PdKOR1 RNAi plants. To further our understanding of bacteria community assembly within Populus downregulated in PdKOR1, we also examined the colonization patterns of a Gammaproteobacterium, Pantoea sp. YR343, a robust root colonizer of Populus deltoides (Bible et al. 2016; Estenson et al. 2018) , in vector controls and RNAi transgenic plants grown in greenhouse settings.
Materials and methods

Transgenic plant generation and tissue collection
The methods used to generate PdKOR RNAi lines, and their growth and cell wall phenotypes have been previously described elsewhere in detail ).
Briefly, a ∼ 200-bp fragment was amplified from 3' UTR region of the PdKOR1 gene, which contained partial homology to PdKOR2 gene in P. deltoides, and was cloned into vector pAGSM552 and expressed under the control of an Ubiquitin promoter and transformed into P. deltoides 'WV94' for RNAi knockdowns. Clonal replicates of the transformants were grown in the greenhouse as well as maintained at a USDA permitted stoolbed site in Bellville, GA, USA for further study. Fine roots were harvested from three independent ramets (replicate plants) both from a PdKOR1 RNAi and an empty vector control line in November 2016 by carefully tracing structural roots connected to the main stem. Root tissue and adhering rhizosphere soil was frozen immediately on dry ice and transported to Oak Ridge National Laboratory where they were stored at −80°C until processing. Fine roots were separated from each sample and subsampled for microbiome and metabolome analyses. For microbiome analyses, roots were washed with sterile water, centrifuged to collect the rhizosphere soil fraction, and then surface sterilized as described previously in preparation for the extraction of root endosphere DNA (Shakya et al. 2013 ).
Metabolomic profiling
Root tissue metabolites were analyzed by using gas chromatography (GC)-mass spectrometry (MS). Approximately 170-200 mg of fine root tissue were extracted twice in 2.5 ml of 80% ethanol and 1 ml of extract was dried in liquid nitrogen. Sorbitol was added and also used as an internal standard for metabolite identification. Once an aliquot of the extract was dried, it was dissolved in acetonitrile, followed by trimethylsilylation (TMS), and analyzed on a GC-MS after 2 days, as described elsewhere (Payyavula et al. 2014 ). Metabolites were identified using the Wiley Registry 10th Edition with NIST 2014 mass spectral database and a large, user-created database (>2400 spectra) of 70 eV electron impact (EI) fragmentation patterns of TMS-derivatized metabolites.
DNA extraction and 16S and ITS2 library preparation Separate 50-mg samples of surfaced sterilized root tissue (root endosphere) were frozen in liquid nitrogen and bead-beaten for 1 min with a sterile, 5-mm steel bead prior to extraction (Qiagen, Venlo, the Netherlands). This was repeated three times with samples placed in liquid nitrogen for 1 min between each bead-beating. DNA was then extracted using the MoBio PowerPlant Pro DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) and quantified on a NanoDrop 1000 spectrophotometer (NanoDrop Products, Wilmington, DE, USA). Genomic DNA was then purified and concentrated using a Zymo DNA Clean and Concentrator -5 Kit (Zymo Research Corporation, Irvine, CA, USA) and quantified again prior to PCRs. Rhizosphere soil samples had DNA extracted using the MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc., Carlsband, CA, USA) using standard procedures and similarly quantified prior to PCRs.
A two-step PCR approach was used with frameshifting nucleotide primers (Lundberg et al. 2013 ) with the following modifications. Primary PCRs consisted of forward and reverse primer mixtures modified to maximize phylogenetic coverage of archaea, bacteria, and fungi (Online Resource 1). Primers for bacterial and archaeal amplicons included a mixture of 8 forward 515F and 6 reverse 806R primers. Specifically, 515F universal primers (87%), Archaea (10%), and TM7 (3%) forward primers targeted at the V4 gene region of the 16S rRNA gene were supplied in PCRs. Primers for fungal amplicons included a mixture of 11 forward and 6 reverse primers at equal concentration (0.5 μM). In addition, a peptide nucleotide acid (PNA) blocker oligos (PNA Bio Inc., Thousand Oaks, CA, USA) targeted at plant mitochondrial and plastid 16S rRNA genes and the plant 5.8S nuclear rRNA gene upstream of ITS2 gene region was included in PCRs (Online Resource 1). The mitochondrial PNA was similar to Lundberg et al. 2013 , except adjusted for a 1 bp mismatch in Populus spp. The 5.8S PNA was custom designed for Populus-fungal amplicon studies as described previously (Cregger et al. 2018) . Primary PCR thermal cycler conditions for rhizospheres were 5 cycles of 95°C for 1 min., 50°C for 2 min., and 72°C for 1 min. PCR conditions for root endospheres were 5 cycles of 95°C for 1 min., 78°C for 5 s., 50°C for 2 min., and 72°C for 1 min. Primary PCR products were then cleaned with Agencourt AMPure beads at a 0.7 to 1 ratio. Secondary PCRs included cleaned PCR products as the DNA template (20 ul from 21 ul of cleaned product), and barcoded reverse primers and forward primers in 50 ul reactions. Thermal cycler conditions for rhizosphere secondary PCRs were 95°C for 45 s., followed by 32 cycles of 95°C for 15 s., 60°C for 30 s., 72°C for 30 s., and final extension at 72°C for 30 s. Secondary PCR conditions for endospheres included 95°C for 45 s., followed by 32 cycles of 95°C for 15 s., 78°C for 5 s., and all other parameters the same as rhizosphere secondary PCRs. After secondary DNAtagging PCRs were completed, samples were pooled based on band intensity (agarose gel, 1.2% w/v) and purified with Agencourt AMPure XP beads (0.7 to 1 ratio; Beckman Coulter Inc., Pasadena, CA, USA). Both 16S and ITS2 libraries were sequenced using Illumina MiSeq (v. 2, 2 × 250 cycles) with a 9 pM amplicon concentration and a 15% PhiX spike.
Bioinformatics analysis
Paired-end sequences (.fastq) had primers removed on each .fastq individually using the cut adapt program (Martin 2011) . All other analyses were performed in QIIME (Caporaso et al. 2010) . Sequences were then joined and demultiplexed with a Phred quality threshold of 20. After demultiplexing, there were 1,886,726 sequences for 16S and 325,442 sequences for ITS2 libraries. Chimeras were detected using the UCHIME algorithm (Edgar et al. 2011) , filtered and resulting sequences had operational taxonomic units (OTUs) clustered at a 97% sequence similarity using the open reference workflow and the SILVA database (release 128; Quast et al. 2013 ) for archaea and bacteria and the UNITE database (Abarenkov et al. 2010) for fungi with singleton OTUs removed prior to clustering. After these steps, there were 1,849,222 sequences for 16S rRNA and 323,770 sequences for ITS2. Representative sequences for successfully aligned OTUs for 16S rRNA were classified using the RDP Naïve Bayesian Classifier (Wang et al. 2007 ) whereas unaligned ITS2 sequences were classified using BLAST implemented via QIIME. OTUs unclassified at the domain level, mitochondrial, and chloroplast sequence contaminants were identified and removed for bacteria (1,532,220 sequences retained) whereas any unclassified OTUs at kingdom level or contaminants from plants or protists were filtered for fungi (315,709 sequences retained). Samples were rarefied at 30,000 sequences per sample for bacteria and 8000 per sample for fungi. The final bacterial dataset had 13,858 OTUs and 300,000 sequences whereas the fungal dataset has 1453 OTUs and 80,000 sequences. Microbial diversity metrics were estimated from the rarefied dataset via QIIME and included observed OTU richness, Simpson's Diversity, Simpson's Evenness, and Faith's Phylogenetic Diversity, the latter (Faith's PD) for archaea and bacteria only. Sequence data is archived through NCBI Sequence Read Archive under BioProject Accession PRJNA400443 (16S) and PRJNA433541 (ITS2).
Pantoea inoculation experiment
We used Pantoea sp. YR343 as inoculation in greenhouse co-culture experiments as it is a known root colonizer, which has been well characterized in previous works with wild type Populus (Bible et al. 2016; Estenson et al. 2018) . Pantoea sp. YR343 was used to examine how PdKOR1 downregulation affects colonization in the rhizosphere under controlled, greenhouse conditions as a previous GFP modification made microscopic examination and quantification possible. Greenwood cuttings of Populus deltoides vector control and the PdKOR1 RNAi transgenic lines were rooted and grown in the greenhouse in leach tubes containing Fafard Professional Potting Mix soil (Sun Gro Horticulture, Agawam, MA, USA) for 3 months in the spring of 2017. The plants were transplanted to bigger pots (ShortOne Tree Pots; Steuwe & Sons, Inc., Tangent, Oregon, USA) containing autoclaved sterile soil preceding the introduction of microbial inoculum. Wild-type Pantoea YR343 chromosomally tagged with Green Fluorescent Protein (GFP) (YR343-GFP; with gentamycin selection marker) (Bible et al. 2016) were grown overnight in R2A liquid media, washed in PBS, then the OD 600 was adjusted to 0.1 for a total volume of 2 ml approximately equivalent to 10 7 cells. Control plants were treated with 2 ml of sterile PBS and experimental plants were treated with 2 ml of bacterial culture. Irrigation was continued the following day. Three weeks post-inoculation, plants were harvested, and root tissue was washed with water to remove excess soil. A portion of root tissue for each plant was then measured and washed with PBS and glass beads, as described previously (Bible et al. 2016) . The wash was then serially diluted and plated on R2A agar containing 10 μg ml −1 gentamycin in order to select for YR343-GFP. Colony forming units (CFUs) were counted and standardized by total root weight. Sections of root sample were also used for imaging analysis using a Zeiss LSM 710 confocal microscope (Zeiss, Oberkochen, Germany). Imaging was performed by placing small root sections on a glass slide with water and imaged with the following excitation parameters: 488 nm for 
Results
Metabolomic profiling
There were 171 distinct metabolites detected in fine root tissues (Online Resource 2). Among these metabolites, 54 (31%) were differentially abundant between PdKOR1 RNAi plant and control plant roots (p ≤ 0.05; Table 1 ). Several of these were caffeic acid derivatives, w hich included caffeoyl conjugates, caffeoyl glycoside conjugates, and caffeoyl shikimate conjugates (Table 1) . Interestingly, certain derivatives were not detectable in PdKOR1 RNAi tissues while present in controls. Caffeic acid derivatives, notably caffeoyl shikimate conjugates, were upregulated in RNAi tissue and were at very low concentrations in control root tissue (Table 1) . Furthermore, palmitic acid and docosanoic acid, involved in fatty acid metabolism, and salicylic acid-related metabolites, such as salicyl alcohol (1.77 fold increase) and isosalicin (3.62 fold increase), were produced in greater concentrations in PdKOR1 RNAi roots (p ≤ 0.04). Flavonoid metabolites were also produced higher in PdKOR1 RNAi root tissue and had approximately 4-5-fold increases (Table 1 ) whereas a guaiacyl lignan metabolite (16.55297225 lignan) was also greater (2.8-fold increase) in PdKOR1 RNAi plant roots (Table 1) . Conversely, amino acids including valine, isoleucine, threonine, alanine, and serine, were reduced in PdKOR1 RNAi plants relative to control plants (p ≤ 0.01; Table 1 ).
Microbial diversity and community structure Rhizospheres had greater bacterial (13% greater) and fungal diversity (45% greater) than root endospheres (Table 2) . Rhizosphere communities w e r e d o m i n a t e d b y A l p h a p ro t e o b a c t e r i a , Actinobacteria, and Acidobacteria primarily (Fig. 1) , whereas root endosphere communities were dominated by Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria (Fig. 1) . Rhizosphere microbial communities from controls had, on average (± s.e.), greater abundances of Nitrospirae (2 ± 0.2%) compared to PdKOR1 RNAi plants (0.7 ± 0.1%, T = −4.87, p = 0.02; Fig. 1) . Furthermore, the Ascomycota (T = −4.73, p = 0.03) and Basidiomycota (T = 6.85, p = 0.01) fungal phyla differed in relative abundance between PdKOR1 RNAi and control rhizospheres. PdKOR1 rhizospheres were significantly lower in Ascomycota (35 ± 4% versus 61 ± 4%) and greater in Basidiomycota (58 ± 3% versus 29 ± 3%) compared to controls (Fig. 1) . Interestingly, our previous co-culture study using a known mycorrhizal basidiomycete species, Laccaria bicolor, showed higher root colonization rates with PdKOR1 RNAi plants relative to control plants ). Overall, we observed phyla-level differences among rhizospheres and root endospheres, although bacterial and fungal diversity did not differ between PdKOR1 and controls (Table 2 ) potentially owing to variation among low replicate numbers. The Alphaproteobacterial family Xanthobacteraceae (T = −5.81, p = 0.01) and the Nitrospirae candidate family 0319-6A21 (T = −4.50, p = 0.02) had lower abund a n c e i n P d K O R 1 R N A i r h i z o s p h e r e s (Xanthobacteraceae: 2.0 ± 0.1%; 0319-6A21: 0.6 ± 0 . 2 % ) c o m p a r e d t o c o n t r o l r h i z o s p h e r e s (Xanthobacteraceae: 2.8 ± 0.1%; 0319-6A21: 1.8 ± 0.2%). In rhizospheres, the ascomycete order Pezizales had greater abundance in PdKOR1 (1.8 ± 0.1%; T = 6.07, p = 0.01) versus controls (0.9 ± 0.1%). In root endospheres, the family Micromonosporaceae in Actinobacteria was greater in PdKOR1 RNAi (56.7 ± 5.9%) compared to controls (16.1 ± 3.9%; T = 5.73, p = 0.03). Likewise, the genus Actinoplanes in the Micromonosporaceae, was more abundant in PdKOR1
RNAi root endospheres (5.0 ± 1.5%) versus controls (0.1 ± 0.1%). No fungal orders or families in root endospheres differed in abundance between PdKOR1 and controls (p ≥ 0.14).
Bacterial and fungal community composition varied across both habitat (bacteria: R 2 = 0.55, p = 0.001; fungi: R 2 = 0.31, p = 0.001) and transgenic lines (bacteria: R 2 = 0.13, p = 0.04; fungi: R 2 = 0.16, p = 0.05; Fig. 2 , Panel A-B). More variation in microbial community composition was explained by habitat effects (rhizophere vs. root endosphere) compared to PdKOR1 RNAi versus control lines, partially due to greater turnover in OTU frequencies between habitat and the low statistical power of the main effect of transgenics among habitats (PdKOR1 RNAi plants, n = 2; Fig. 2 ). Both in rhizospheres and root endospheres, there were a large proportion of unique OTUs in vector controls for both bacteria and fungi (not shared with PdKOR1 RNAi plants). Out of 12,996 and 2706 bacterial OTUs within rhizospheres and root endospheres, respectively, 39% (5081 OTUs) and 63% (1702 OTUs) were unique to vector controls (Fig. 2, Panel C) . Out of 1413 and 138 fungal OTUs within rhizospheres and root endospheres, 32% (598 OTUs) and 51% (71 OTUs) were unique to vector controls (Fig. 2, Panel D) . Furthermore, 23% (3049 of bacterial OTUs) and 18% (475 of bacterial OTUs) were unique to PdKOR1 RNAi rhizospheres and root endospheres whereas 24% (335 fungal OTUs) and 28% (39 OTUs) were unique to PdKOR1 RNAi rhizospheres and root endospheres for fungi, respectively (Fig. 2, Panel C-D) .
Pantoea sp. YR343 colonization of PdKOR1
We performed controlled colonization studies using a well-characterized, known Populus root colonizer, Pantoea sp. sp. YR343, isolated previously from distinct study of Populus (Bible et al. 2016; Estenson et al. 2018) . In our study, we found the colonization efficacy of Pantoea sp. YR343 was significantly reduced in PdKOR1 RNAi roots compared to the control line (p = 0.007; Fig. 3 ). This suggests that PdKOR1 gene downregulation and resulting phenotypic changes negatively impacted Pantoea colonization of Populus roots. 
Discussion
Down-regulation of PdKOR1 was found to result in a specific caffeic acid, salicylic acid, and flavonoid metabolite phenotype in field grown roots, similar to effects previously observed in the aboveground tissues of greenhouse-grown plants . Additionally, colonization and assembly of both rhizosphere and root-associated bacterial and fungal communities were divergent in PdKOR1 RNAi plants from the control plants, indicating plant-microbial interactions are strongly linked to either changes in cell wall chemistry or indirect changes to host physiology and the metabolome. While further studies will be required to parse these possible mechanisms, these results form one of the first studies to address how the root and rhizosphere microbiome is structured in a bioenergy relevant tree species, Populus deltoides, which have undergone downregulation of an essential plant cellulose biosynthesis and wall remodeling enzyme. Aboveground PdKOR1 RNAi tissue (stems, leaves) have shown to be enriched in salicylic acid-related metabolites . Our study showed that belowground, like aboveground tissues, have increased production of these metabolites (salicyl alcohol and isosalicin). Furthermore, phenolics such as caffeic acid derivatives (i.e., caffeoyl shikimate and its glycoside conjugates) also are enriched in RNAi plants in below- (Table 1) and aboveground ) tissue types. These results suggest that both aboveground and belowground secondary carbon metabolism is altered in PdKOR1 RNAi plants potentially as a result of cellulose and lignin modification in cell walls, and the diversion of lignin synthesis to caffeic and salicylic acid pathways. Contrary to previous work for aboveground PdKOR1 RNAi plants, free amino acids, such as valine, alanine, and isoleucine, were at a lower level in RNAi roots, whereas other metabolites, such as flavonoids, exhibited increases in RNAi roots compared to controls (Table 1 ). An altered plant metabolome phenotype of caffeoyl-shikimate and other caffeoyl derivatives , salicylic acid-related metabolites , and lignin (Beckers et al. 2016) have been shown to be important factors relevant for microbial colonization and plant -microbe interactions. Furthermore, flavonoids produced by plant roots can act as antimicrobial compounds (Bais et al. 2006) or as speciesspecific signaling molecules in host plants (Balachandar et al. 2006) , and thus possibly linked to inhibition and shifts in microbial colonization patterns. Thus, downregulation of PdKOR1 and the shifts in secondary C metabolome may partially drive microbial community structure within plant roots. Downregulation of PdKOR1 was shown to not only reduce cellulose and lignin content in tissue Nicol et al. 1998 ), but also result in reduced growth and cell wall elongation (Zuo et al. 2000) . These responses may not only confer disadvantages to plant physiology but may also impact the functional groups and number of microorganisms capable of root endosphere, rhizoplane and rhizosphere colonization. Siciliano and Germida (1999) found that transgenic cultivars of canola (Brassica napus) developed to tolerate the herbicide glyphosate (Round-up) had lower bacterial root endophyte diversity, potentially due to the disruption of the chemical (balanced metabolite, nutrient and pH) environment roots provide which select for specific microbial species. In this initial study of fieldgrown plants, rhizosphere soils had a lower relative abundance of Nitrospirae and Ascomycota in RNAi plant rhizospheres whereas Basidiomycota had a greater relative abundance (Fig. 2) . Rhizosphere microbial communities are a subset of bulk soil and can be impacted indirectly by plant root exudates, photosynthates, and plant-microbe signaling (De-la-Peña and Loyola-Vargas 2014). We hypothesize that properties emergent from modified cell wall composition, and carbon partitioning into primary and secondary metabolite pools such as potential changes to metabolism and physiology of the root including root exudate and mucilage composition, and endospherespecific microbial activity are likely driving the changes observed in dominant microbial group abundances within RNAi plant roots. It is also plausible that the alterations in cell wall biosynthesis translate to reduced cell growth as total root biomass production was reduced relative to control in RNAi plants . Using microfluidic devices, others have found that in Arabidopsis thaliana, Bacillus subtilis exhibits chemotaxis towards the elongation zone and excludes Escherichia coli from roots (Massalha et al. 2017) . Thus, an altered elongation zone physiology can impact root microbial colonization.
RNAi root endospheres exhibited differences in OTU community composition (Fig. 2) and in some microbial phyla, fungal order, and bacterial family-level abundances (Fig. 2) . In addition, a large proportion (63%, 51%) of bacterial and fungal OTUs in control root endospheres were unique and did not occur in RNAi plant roots (Panel C-D, Fig. 3) . Likewise, 18% of bacterial OTUs and 28% of fungal OTUs were only present in RNAi root endospheres. Therefore, community composition differed not only in OTU frequencies, but also in OTU identity within these tissues for both bacteria and fungi. PdKOR1 RNAi thus selects for a unique consortium of microbial taxa, and appears to result in reductions in potentially endophytic groups commonly observed in Populus, such as Alphaproteobacteria and Gammaproteobacteria (Gottel et al. 2011; Fig. 2) , and increases in Actinobacteria (Gottel et al. 2011 ) such as the Micromonosporaceae. We found that colonization of PdKOR1 RNAi transgenic plants by Pantoea YR343, a previously known Gammaproteobacterial associate, was significantly reduced (Fig. 3) compared to the control plants as measured both by colony forming units and direct microscopy of GFP fluorescence, thus confirming that downregulation of PdKOR1 can reduce microbial colonization in rooting zones for specific taxa. The significantly altered metabolome of PdKOR1 RNAi plant phenotype may thus allow Actinobacterial groups, like Micromonosporaceae, and basidiomycetes to more easily colonize root tissue. Further research addressing linkages among RNAi root architecture, biochemistry, the plant transcriptome, exudate composition and the root endophytic microbiome using constructed community experiments with field-derived isolates is needed to clarify the mechanisms involved in the observed microbial community changes between PdKOR1 RNAi and control roots.
In conclusion, our study identified the impact of PdKOR1 gene down-regulation on the root metabolome and microbiome of field-grown Populus plants. Modification of host metabolism in PdKOR1 RNAi background appears to select for unique consortia of microbial taxa. Our study showed reductions in endophytic groups commonly observed in Populus, such as Alphaproteobacteria and Gammaproteobacteria and increases in Actinobacteria such as the Micromonosporaceae. We also found that colonization of greenhouse-grown PdKOR1 RNAi transgenic plants by the known poplar root colonizer, Pantoea YR343, was significantly reduced (Fig. 3) compared to the control plants as measured both by colony forming units and direct microscopy of GFP fluorescence, thus confirming that downregulation of PdKOR1 can reduce microbial colonization of host roots for specific taxa. Additional work should address whether the altered root endosphere metabolome translates into an altered exometabolome and whether these changes in the rhizosphere directly impact microbial recruitment in PdKOR roots.
These insights from both field and greenhouse conditions demonstrate potential interconnections among plant genotype, cellulose biosynthesis, cell wall properties, host metabolome, and microbial community composition. Specifically, constitutive downregulation of PdKOR1 and accompanying cell wall modifications result in concomitant changes in host secondary C metabolism and both bacterial and fungal belowground community structure in field-grown Populus.
In the future, more expansive efforts to characterize the microbiomes of additional host genotypes contrasted in a suite of cell wall and metabolome changes in the field along with lab and greenhouse-based validation experiments should help clarify whether microbial community differences are a result of metabolomic changes, or due to other phenotypic traits disrupted by PdKOR1 downregulation. A knowledge base that captures the spectrum of functional implications of biomass chemistry improvement efforts is crucial for meeting the goals of sustainable bioenergy crop production and management.
